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Abstract 

Duchenne muscular dystrophy (DMD) is caused by the lack of dystrophin, but many 

patients have rare revertant fibres that express dystrophin. The skeletal muscle pathology 

of DMD patients includes immune cell infiltration and inflammatory cascades.  There are 

several strategies to restore dystrophin in skeletal muscles of patients, including exon 

skipping and gene therapy. There is some evidence that dystrophin restoration leads to a 

reduction in immune cells, but dystrophin epitopes expressed in revertant fibres or 

following genome editing, cell therapy or microdystrophin delivery after AAV gene therapy 

may elicit T cell production in patients. This may affect the efficacy of the therapeutic 

intervention,  and potentially lead to serious adverse events.  

To confirm and extend previous studies, we performed annual Enzyme- Linked 

Immunospot interferon-gamma assays on peripheral blood mononuclear cells from 77 

paediatric boys with DMD recruited into a natural history study, 69 of whom (89.6%)  were 

treated with corticosteroids. T cell responses to dystrophin were quantified using a total of 

368 peptides spanning the entire dystrophin protein, organized into nine peptide pools. 

Peptide mapping pools were used to further localize the immune response in one positive 

patient. 

Six (7.8%) patients had a T cell-mediated immune response to dystrophin at at least one 

timepoint. All patients that had a positive result had been treated with corticosteroids, 

either prednisolone or prednisone. 

Our results show that ~8% of DMD individuals in our cohort have a pre-existing T cell-

mediated immune response to dystrophin despite steroid treatment. Although these 

responses are relatively low-level, this information should be considered as a useful 

immunological baseline before undertaking clinical trials and future DMD studies. We 

further highlight the importance for a robust, reproducible standard operating procedure 

for collecting, storing and shipping samples from multiple centres to minimise the number 

of inconclusive data.   

  

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 C
ol

le
ge

 L
on

do
n 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 1

2/
07

/2
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Page 3 of 24 
 
 
 

3 

H
u

m
an

 G
en

e 
Th

er
ap

y 

T 
C

el
l R

es
p

o
n

se
s 

to
 D

ys
tr

o
p

h
in

 in
 a

 N
at

u
ra

l H
is

to
ry

 S
tu

d
y 

o
f 

D
u

ch
en

n
e 

M
u

sc
u

la
r 

D
ys

tr
o

p
h

y 
(D

O
I:

 1
0

.1
0

8
9

/h
u

m
.2

0
2

2
.1

66
) 

Th
is

 p
ap

er
 h

as
 b

ee
n

 p
ee

r-
re

vi
ew

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
e

rg
o

 c
o

p
ye

d
it

in
g 

an
d

 p
ro

o
f 

co
rr

ec
ti

o
n

. T
h

e 
fi

n
al

 p
u

b
lis

h
ed

 v
er

si
o

n
 m

ay
 d

if
fe

r 
fr

o
m

 t
h

is
 p

ro
o

f.
 

Introduction 

Duchenne muscular dystrophy (DMD) is an X-linked recessive, progressive neuromuscular 

condition affecting 1:5000 male births1. It is caused by mutations (mainly deletions) in the 

DMD gene, that codes for the protein dystrophin2. The lack of dystrophin in skeletal 

muscle fibres causes them to degenerate; this is followed by cycles of 

regeneration/degeneration, ultimately resulting in the progressive loss of skeletal muscle 

(reviewed3). Individuals with DMD lose their ability to walk by their early teens, but 

corticosteroids can postpone the age at which ambulation is lost by 3–4 years4. Many 

approaches to restore dystrophin have been tested pre-clinically and four antisense drugs 

(eteplirsen, golodirsen, viltolarsen and casimersen) have been approved in the USA and a 

small molecule (ataluren) in Europe; these drugs restore a small amount of functional 

dystrophin. In addition, adeno-associated viral (AAV) gene therapy is a promising approach 

that is currently in clinical trials, e.g.  ClinicalTrials.gov Identifiers: NCT04240314 AAV9,  

NCT02376816,   NCT00428935 and  NCT03368742 and EudraCT Number: 2020-002093-27.  

There are several different dystrophin isoforms, but only the full-length dp427 is expressed 

in skeletal muscle fibres (reviewed1,2).  Dystrophin is not always completely absent in 

skeletal muscles of individuals with DMD: depending on the location of the mutation in the 

DMD gene, shorter, partially functional or non-functional dystrophin protein may be 

produced3.  Many patients and mouse models have a small percentage of “revertant” 

muscle fibres that express truncated dystrophin protein5 (reviewed6). These revertant 

fibres arise from aberrant, stochastic splicing events that allow the production of small 

amounts of protein and the resulting dystrophin epitopes expressed in them7  might elicit 

T cell production. The latter may accelerate an immune response to the restored 

dystrophin in treated patients8,9  (reviewed10).  Alternatively, dystrophin expressed in 

revertant fibres may reduce the immune response to myofibres expressing restored 

dystrophin11. 
  

But the timing of the appearance of these revertant fibres is likely to be 

crucial.  They are already present in newborn mdx mouse muscles7 and in DMD fetal 

muscle4 and their prenatal onset is likely to induce tolerance to the expressed epitopes.  
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It has been shown that increasing age correlates with an increased risk for a T cell-

mediated immune response to dystrophin and in a previous cross-sectional study on 7  

individuals with DMD, approximately 5 % of the steroid na ve and   % of the steroid 

treated population were reported to have circulating dystrophin primed T cells9. To 

confirm and extend these observations, we performed a multicentre, longitudinal natural 

history study, to determine whether patients with DMD had a pre-existing T cell-mediated 

immune response to dystrophin, and whether this changed over time. We performed 

Enzyme- Linked Immunospot (ELISPOT) IFN-gamma assays on individuals recruited into this 

four-year DMD natural history study that recruited 50 ambulant and 27 non-ambulant 

boys with DMD from four clinical centres.  ELISPOT assays on all patients were performed 

with a full-length dystrophin peptide set; we also studied one individual who had an exon-

skippable deletion with peptides corresponding to unique epitopes generated by the 

potential exon skipping event. We correlated our data to factors such as age, ambulation 

status, steroid regime and DMD deletion.  

Methods 

Subjects  

Blood samples from DMD subjects belonging to a cohort of boys enrolled in the 

Association Francaise contre les Myopathies (AFM)-funded iMDEX multicentre natural 

history study were used for our experiments. Specimens from subjects recruited in London 

(Centre 1), Newcastle (Centre 2), Paris (Centre 3), and Leiden (Centre 4) were analyzed. All 

the samples used for this project are listed in Table 1.  

This study was approved in the UK by the Bromley Research Ethics committee (REC 

12/LO/0442), and the ethical committee of all the other institutions. All subjects and their 

legal representatives provided written informed consent for the study. This study is 

registered with the Clinical Trial Gov website with the number NCT02780492.  

Boys with DMD were assessed annually over up to four years with an ELISPOT IFN-γ assay 

performed with a full-length dystrophin peptide set as previously described8,9. A patient 

with an exon skippable deletion was additionally assessed with peptides corresponding to 

unique epitopes that would have been generated in the case of a single exon skipping 
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intervention to restore the reading frame.  We also assessed four healthy adult controls as 

well as six neuromuscular disease controls from female children with non-

dystrophinopathies.  These consisted of one individual with muscle-eye-brain disease (6 

years of age), four with limb girdle muscular dystrophy (9-16 years of age) and one with 

Ullrich congenital muscular dystrophy (14 years of age).    

Sample collection and preparation  

5-20 ml (ideally, at least 10 ml) of blood was collected from individuals into either heparin 

tubes, or Vacutainer® CPT™ Cell Preparation Tubes with sodium citrate. All samples were 

stored at room temperature for a maximum of 24 hours before processing.  Samples from 

the two UK sites were delivered to UCL as blood within 24 hours and processed.  Samples 

from France and the Netherlands were processed locally, and frozen peripheral blood 

mononuclear cells (PBMCs) shipped on dry ice to minimise loss of cell viability during 

shipment. A standardised procedure was used by all blood processing sites. Briefly, an 

equal volume of phosphate buffered saline (PBS) was added and a maximum of 20ml of 

diluted blood was carefully layered on top of 15 ml Ficoll.  The tubes were centrifuged at 

400g for 30 minutes at room temperature with slow acceleration and no brake.  Plasma 

was removed, aliquoted and stored at -80°C; some of these samples were used for miRNA 

assays12.  The peripheral blood mononuclear cell (PBMC) layer was extracted and washed 

three times with 30ml PBS and centrifugation at 100g for 10 minutes at room 

temperature, with the brake on and high acceleration.  The cell pellet was resuspended in 

chilled freezing medium (10% DMSO, 90% FCS) in 1ml aliquots (~10-20 million PBMCs/ml) 

and frozen in a Mr Frosty at -80°C overnight.   When required, cells were thawed rapidly at 

37°C, resuspended in 5 ml warmed AIM-V medium (AIM-V:  Invitrogen, 12055-091) 

containing 2% human serum (Human AB serum, Gemini Bio Products 100-512, heat 

inactivated for 30 minutes at 56°C) and a count of viable cells was performed. 

Peptides   

20mer peptides overlapping by 10 amino acids that span the entire dystrophin protein 

were used (Proimmune Ltd, Oxford, UK).  There was a total of 368 peptides, organized into 

9 peptide pools8 (Figure 1).  Stock vials of individual peptides at 5mg/ml were made up in  

10% DMSO, 90% sterile water and stored at -80°C.  Peptide pools were made up at 40 
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µg/ml (of each peptide), diluted in sterile water and kept at -80°C in small aliquots.  

Peptide mapping pools were used to further localize the immune response in a subset of 

positive individuals. In the mapping pools, each peptide is present in two sub-pools. 

ELISPOT assay  

Peripheral blood T cell responses to dystrophin were quantified using the ELISPOT assay8. 

This was performed using the Human IFN-gamma Elispot kit (U-CyTech, CT230-PB5) and 

Millipore IP filter plates (Millipore, S EM  4M99) according to the manufacturers’ 

instructions.  

3x105 cells were plated/well when screening for dystrophin responses and 75,000 

cells/well were plated for the positive control or polyclonal stimulation. Concanavalin A 

(Sigma C0412) at final concentration of 2.5 µg/ml in PBS was used as a stimulus positive 

control.  For peptide stimulations, the peptide pools were used at 1-2 µg/ml final 

concentration for each peptide.  Cells were plated in duplicate wells, with a total volume of 

200 µl (100 µl cells, 95 µl medium, 5 µl antigen).  The ELISPOT plate was covered with a lid 

and incubated at 37C, 5-7% CO2 and 100% humidity for 24-36 hours.  

Spots were imaged and counted using an automated AID reader.  The same camera and 

count settings was used for all samples.  Each well was manually assessed to remove any 

debris mistaken as spots.  Over 5 % saturation was considered too numerous to count.  

The intensity was set to a minimum of    brightness units and the spot size set as 4 -5   

pixels with a minimum gradient of 5 degrees.  In line with Flanigan et al, a result was 

considered positive only when both duplicates were > 15 SFC/1 6   PBMCs8.  We used this 

low  threshold after discussion with Dr Mendell’s group, whose reported responses to 

dystrophin are typically very low level8.  For further confidence, in order to record a 

positive result, the positive control (patient’s PBMCs reaction to Concanavalin A) must also 

be > 15 SFC/1 6 PBMCs and the negative control (patient’s PBMCs without stimulation) 

must be < 5 SFC/1 6 PBMCs.   

Results 

Boys with DMD were assessed annually (or semi-annually for patient 1.1) over three (and 

in one case four) years with an ELISPOT IFN-γ assay performed with a full-length 
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dystrophin peptide set9. The results are summarised in Figure 1 and Table 1 (full data in 

(Supplementary Table S1). Twenty three patients from Centre 1, twenty patients from 

Centre 2, twenty three patients from Centre 3 and eleven patients from Centre 3 were 

included, ranging from 5-18 years of age. Details of the different steroid regimes are 

summarised in Supplementary Table S2. Thirty six were on prednisolone, sixteen were on 

deflazacort, fifteen were on prednisone, two were on prednisone followed by deflazacort. 

Of the participants that remained on the same treatment throughout, thirty nine were on 

a daily regime (fourteen prednisolone, fourteen deflazacort and eleven prednisone) and 

twenty seven were on an intermittent regime (twenty two prednisolone, two deflazacort 

and three prednisone). 

A total of six (8%) individuals were positive at the first baseline visit (Figure 2). The positive 

epitopes are located before, and/or after the patient’s deletion with no apparent 

associations (Supplementary Table 3). All individuals that had a positive result had been 

treated with corticosteroids (five with prednisolone and one with prednisone); two were 

ambulant and four were non-ambulant and ranged from 6-16 years of age (Supplementary 

Table 1). None of the sixteen deflazacort-treated patients had a positive result. We 

compared the rates of positive results between individuals that had been treated with 

prednisone, prednisolone, deflazacort, prednisone followed by deflazacort, compared to 

those on no/discontinued treatment and between individuals that had been treated with 

prednisolone compared to deflazacort, using a Fishers Exact Test.  We found no significant 

differences between the  any of the groups (deflazacort vs no/discontinued treatment - 

p=1; prednisone vs no/discontinued treatment - p=1; prednisolone vs no/discontinued 

treatment - p=0.5661; prednisone followed by deflazacort vs no/discontinued treatment - 

p=0.2;  prednisolone vs deflazacort P = 0.3077). 

The positive individuals had deletions in exons 45 (2 patients), 42-43, 48-50, 52 and 45-52 

(Supplementary Tables 1 and 3 ). These mutations are expected to lead to the lack of full-

length dystrophin (Dp427), but all should have been able to produce the shorter 

dystrophin proteins Dp116, Dp71 and Dp40, and one patient would be expected to 

produce Dp140 (Supplementary Table 3). None of these shorter dystrophin proteins, with 

the exception of Dp7113, are expressed in skeletal muscle14.  
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Due to the frequent occurrence of inconclusive results (defined below) at subsequent 

timepoints, we were unable to capture full longitudinal data on all individuals. Longitudinal 

data for two participants is presented in Figure 3. Patient 1.1 (patient 1 from Centre 1), 

carrying an exon 45 deletion, had an extremely strong response to peptide pool 7 

(peptides encoded by exons 50-59) at baseline, which remained the strongest response 

among all pools at all subsequent visits (Figure 3). In contrast, patient 1.18, also deleted for 

exon 45, was only weakly positive for peptide pool 7 at baseline and 1-year follow-up but 

then showed a strong response to several peptide pools (including pool 7) at the 3-year 

visit (Figure 3).    

Since patient 1.1 had a consistently strong response to peptide pool 7 at all timepoints, we 

performed additional ELISPOT assays using the mapping pool for peptide pool 7 at the zero 

and six-months timepoints (Figure 4). At the zero-year timepoint, this patient was positive 

for pools 7C, 7L, 7M and 7N, which together map to peptides encoded for by exon 54. The 

patient was also positive for pools 7A, 7L, 7M and 7N which maps to peptides encoded for 

by exon 51.   

In summary, 4% of ambulant and 14.8% of non-ambulant patients had a T cell response to 

dystrophin. The mean ages of ambulant and non-ambulant patients at the start of the 

study were 8 and 14 years respectively. All the positive patients were taking prednisolone 

(five patients) or prednisone (one patient). Of the patients in our study taking 

prednisolone, 13.9% returned a positive ELISPOT result. Only eight patients had not been 

treated with corticosteroids and these either had a negative, or an inconclusive, result. 

One patient (1.14, Supplementary table 1) with an exon 48-50 deletion, theoretically 

skippable for exon 51, was additionally assessed with peptides corresponding to unique 

junctional epitopes that would be generated by exon skipping. In this patient, the unique 

junctional epitope did not have a positive response, despite being positive to the full-

length dystrophin peptide set (Figure 5).  We also analysed four healthy adult controls and 

six disease controls which all returned a negative result (data not shown). 

On the occasions when either the positive control was not positive, the negative control 

was positive and/or there were not enough viable cells to perform the assay samples were 
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scored as inconclusive (Supplementary table 1, marked with *). Sampling issues 

contributing to insufficient viable cells included the patient not attending the clinic, the 

appointment being cancelled, failure to take a blood sample, insufficient blood taken (a 

relatively high volume of blood (at least 10 ml) is required), or poor cell count and/or 

viability. There were (with rare exceptions) not enough cells remaining to perform repeat 

assays in cases where the original results were inconclusive. The assay was repeated on 

patient 3.1 at the first timepoint: the repeated assay was also inconclusive, as the negative 

control (patient’s PBMCs without stimulation) was greater than 5 SFC/1 6 PBMCs on both 

occasions.  

Conclusions/Discussion 

When designing clinical trials to restore dystrophin, it is important to identify patients that 

have a pre-existing T cell mediated immune response to dystrophin.  It is also important to 

establish a natural history baseline and to try to understand factors that might affect this 

immune response and how it might be attenuated so that it does not interfere with 

treatment. This is especially important when considering AAV-mediated gene therapy 

approaches, which in pre-clinical work elicit significant dystrophin restoration 

(reviewed15,16,17), although similar considerations apply to any experimental therapy 

employed to restore dystrophin, from genome editing to cell therapy.  The fact that none 

of the neuromuscular disease controls had a T cell response to dystrophin suggests that a 

pathological muscle environment, including inflammation (reviewed18), does not on its 

own play an obvious role in the process. The muscle fibres of patients with other types of 

neuromuscular disease contain dystrophin, so they would have been tolerised to the 

protein. Our findings indicate that this tolerance was not broken by the immune cells, 

which would include T cells,  that are present within pathological muscle. However, our 

small control group size is a limitation and a larger set of disease control individuals should 

be studied to conclusively address this question. 

The ELISPOT assay is a highly sensitive and widely used immunoassay that measures the 

frequency of cytokine-secreting cells at the single-cell level (reviewed19).  It is in theory 

easy to perform and provides both qualitative and quantitative information. Pre-existing 

cellular immune responses to dystrophin have already been reported and quantified using 
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the ELISPOT assay8,9. The assay has also been used to examine T lymphocyte responses to 

dystrophin in a clinical trial of AAV-minidystrophin, showing that some patients had an 

immune response either before the start of treatment (2/6 patients), or after treatment 

(4/6 patients)9. These patients were given prednisolone 4 hours before treatment.  In 

contrast, none of the 6 dogs included in a preclinical study of AAV-microdystrophin (that 

were transiently immunosuppressed with cyclosporine and mycophenolate mofetil had a 

post-treatment T cell response to dystrophin, but pre-treatment response was not 

quantified20.  

T cell-mediated immune responses to dystrophin in patients enrolled in our study were 

relatively rare and occurred at a fairly low level.  Approximately 9% (6/69) of steroid 

treated DMD individuals had a pre-existing T cell-mediated immune response to 

dystrophin. A lower percentage of patients in our cohort had a response to dystrophin 

than in a previous study8, which reported that 20/70 (29%) of patients had T cell immunity 

against dystrophin. In this study, ninety-one subjects were enrolled, including 70 patients 

with DMD and 21 age-matched normal control subjects. Among the patients with DMD, 29 

were treated with deflazacort, 24 were treated with prednisone and 17 were untreated. 

This may be due to the fact that the majority of our patients (69/77) were on 

corticosteroids, which would reduce the inflammatory response that occurs as part of the 

pathological process in dystrophin-deficient skeletal muscle (reviewed21,22) and which may 

exacerbate any T cell response. In addition, the ages of the patients in the two studies 

were slightly different – from 4-18 years of age at the start of our study, and from 3-25 

years of age in the Flanigan et al. study8. As older subjects were shown to have an 

increased probability of having an immune response to dystrophin8, it is possible that the 

different ages of the subjects in the two studies may have contributed to the different 

findings.  But we cannot determine whether, as previously suggested8, a smaller 

percentage of  patients that had been steroid treated compared to non-treated have an 

immune response to dystrophin, as we had so few patients (5/77) that were steroid-naïve 

(and none of these had a T cell response). The fact that all our positive patients were on 

prednisolone or prednisone is in accordance with Flanigan et al., who found a lower 

incidence of T cell response in patients treated with deflazacort than prednisolone8. But 

we found no significant differences in the percentage of individuals that had a T cell 

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 C
ol

le
ge

 L
on

do
n 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 1

2/
07

/2
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Page 11 of 24 
 
 
 

11 

H
u

m
an

 G
en

e 
Th

er
ap

y 

T 
C

el
l R

es
p

o
n

se
s 

to
 D

ys
tr

o
p

h
in

 in
 a

 N
at

u
ra

l H
is

to
ry

 S
tu

d
y 

o
f 

D
u

ch
en

n
e 

M
u

sc
u

la
r 

D
ys

tr
o

p
h

y 
(D

O
I:

 1
0

.1
0

8
9

/h
u

m
.2

0
2

2
.1

66
) 

Th
is

 p
ap

er
 h

as
 b

ee
n

 p
ee

r-
re

vi
ew

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
e

rg
o

 c
o

p
ye

d
it

in
g 

an
d

 p
ro

o
f 

co
rr

ec
ti

o
n

. T
h

e 
fi

n
al

 p
u

b
lis

h
ed

 v
er

si
o

n
 m

ay
 d

if
fe

r 
fr

o
m

 t
h

is
 p

ro
o

f.
 

response between those treated with either deflazacort or  prednisolone. However, we 

only had sixteen deflazacort-treated patients in our study, which is too low to draw any 

firm conclusions. 

Interestingly, the shorter dystrophin protein products  not affected by the genomic 

deletions, which are therefore expected to be produced  by the patients studied 

(Supplementary Table 2) did not appear to give any protection by tolerising against 

epitopes that they share with full-length dystrophin (Dp427).  Revertant fibres, that are 

present in approximately 50% of individuals with DMD, might either tolerise the 

individuals, or induce an immune response to dystrophin. The fact that the number of 

revertant fibres does not change much with time5 and our findings that individuals often 

have a T cell response to dystrophin at one timepoint but not at others, argues against the 

idea that dystrophin in revertant fibres is eliciting the response. 

Pre-existing immunity may be more of an issue in patients treated by gene therapy, which 

induces considerably higher levels of dystrophin production than exon skipping. In support 

of this, out of the  12 patients that had AON (Eteplirsen)-mediated restored dystrophin, 

there was no T cell response to dystrophin after 6 months of treatment8. Nevertheless, it is 

still important to identify, and if possible control, any immune response to dystrophin in 

patients both before they embark on any treatment intended to restore dystrophin and at 

timepoints after the onset of treatment.   

Unfortunately, we encountered some issues that gave rise to inconclusive results in a high 

percentage of our assays (Supplementary Table 1). These included high background levels 

in negative controls that may be due to difficulties in processing blood within  4 hours.  

Twenty-three patients had an inconclusive result at their first timepoint.  If these patients 

are removed from the analyses, then 11% of all patients had a positive result at at least 

one timepoint.  Of all 185 assays performed, 74 (4 %) had an inconclusive result. Eleven 

patients had either an inconclusive result, or sample problems at every timepoint.  These 

problems may well have skewed our findings. To overcome such problems, we suggest that 

centre(s) collecting blood samples also isolate and freeze the PBMCs and send these, 

rather than the entire blood sample, to the laboratory doing the analysis.  Obtaining a 

sufficient volume of blood (at least 1 ml to achieve enough duplicate wells of 3x1 5 
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PBMCs/well) to isolate PBMCs can be challenging especially for younger DMD patients and 

those with neurobehavioural difficulties.  

Despite the missing data indicated above, our longitudinal study clearly identified the T cell 

-mediated immune response to dystrophin in two DMD patients who were simply followed 

using standards of care. We complement and extend previous studies and show for the 

first time that having another type of muscular dystrophy, in which dystrophin is present,  

does not appear in itself to elicit an immune response to dystrophin. In line with the fact 

that an individual’s immunological memory response can vary over time, we show that an 

individual’s overall natural immune response to dystrophin, and response frequency can 

vary, as two patients that were positive at early timepoints were negative at the year 3 

timepoint.  Earlier work has suggested that the likelihood of an immune response to 

dystrophin increases with age5. In our cohort, four out of the six patients who has a 

positive response were above the mean age (9 years) at the start of the study.   

Overall, it is likely that the responses we observed are a result of low avidity T cells that 

haven’t quite escaped tolerance mechanisms.  We cannot rule out cross-reactive 

responses from peptides that might be present in other proteins; it is also important to 

consider that each patient, even if they have the same deletion, will likely have different 

HLA types which might govern different responses.  Our findings highlight the need for a 

robust, reproducible standard operating procedure for collecting, storing and shipping 

samples and for performing for assay, so that different intra and inter-laboratory 

operators achieve comparable results. Such a protocol could be used to routinely monitor 

patients’ T cell response to dystrophin, especially in gene therapy clinical trials for DMD. 

Further investigations of the T cell response might include use of the FluoroSpot assay, 

which utilizes fluorochrome-conjugated detection antibodies thereby allowing the 

simultaneous detection of several individual cytokines and subsequent analysis of T cell 

sub-populations23,24.  It would also be of interest to determine whether there is an anti-

dystrophin humoral response in ELISPOT positive patients.  

In conclusion, our results show that pre-existing T cell responses to dystrophin are 

uncommon (8%), inconsistent and low-level.  Whilst this does provide some confidence for 

dystrophin restorative treatments, the fact that some patients are responsive warrants that 

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 C
ol

le
ge

 L
on

do
n 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 1

2/
07

/2
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Page 13 of 24 
 
 
 

13 

H
u

m
an

 G
en

e 
Th

er
ap

y 

T 
C

el
l R

es
p

o
n

se
s 

to
 D

ys
tr

o
p

h
in

 in
 a

 N
at

u
ra

l H
is

to
ry

 S
tu

d
y 

o
f 

D
u

ch
en

n
e 

M
u

sc
u

la
r 

D
ys

tr
o

p
h

y 
(D

O
I:

 1
0

.1
0

8
9

/h
u

m
.2

0
2

2
.1

66
) 

Th
is

 p
ap

er
 h

as
 b

ee
n

 p
ee

r-
re

vi
ew

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
e

rg
o

 c
o

p
ye

d
it

in
g 

an
d

 p
ro

o
f 

co
rr

ec
ti

o
n

. T
h

e 
fi

n
al

 p
u

b
lis

h
ed

 v
er

si
o

n
 m

ay
 d

if
fe

r 
fr

o
m

 t
h

is
 p

ro
o

f.
 

baseline T cell response should be considered before interpreting any data from dystrophin 

restoration. 
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Figure legends 

 

Figure 1. 

The location of the nine dystrophin peptide pools are illustrated in relation to the 

structural features of the dystrophin protein.  An example of ELISPOT wells from one 

patient (Centre 1, patient 14; (Supplementary Table 1 ) at the 0-year timepoint is provided.  

The table summarises the results of the six positive patients at the 0-year timepoint 

showing which peptide pools returned a positive result. 
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Figure 2. 

Graphs plotting the average (±SEM) IFN-γ SFCs/1 6 PBMCs values across each peptide pool 

for: A) a representative example of a negative sample (patient 1.11 at the 0-year 

timepoint);  B) positive patient 1.1; C) positive patient 1.7; D) positive patient 1.14; E) 

positive patient 1.18; F) positive patient 2.15 and G) positive patient 3.3.  The dotted line 

represents the positive cut-off value of 15 SFCs/106 PBMCs; note both duplicates must be 

>15 to be considered positive.  Where a bar reaches 200 SFCs/106 PBMCs, the spots were 

too numerous to count.     
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Figure 3.  

ELISPOT results for patients 1.1 (A) and 1.18 (B) over time.  The graphs plot the average 

(±SEM) IFN-γ SFCs/1 6 PBMCs values across each peptide pool.  The dotted line represents 

the positive cut-off value of 15 SFCs/106 PBMCs; note both duplicates must be >15 to be 

considered positive.  Where a bar reaches 200 SFCs/106 PBMCs, the spots were too 

numerous to count.     
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Figure 4. 

Results from mapping pool 7 at zero (A) and 6-months (B) timepoints (patient 1.1).  The 

graphs plot the IFN-γ SFCs/1 6 PBMCs values across each mapping pool.  The dotted line 

represents the positive cut-off value of 15 SFCs/106 PBMCs; note both duplicates must be 

>15 to be considered positive. 
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Figure 5. 

Graph plotting the average (±SEM) IFN-γ SFCs/1 6 PBMCs values for a peptide pool 

corresponding to the unique epitopes that would be generated by exon 51 skipping for 

patient 1.14 (48-50 deletion).  A peptide pool for the unskipped scenario was also tested.  

The dotted line represents the positive cut-off value of 15 SFCs/106 PBMCs; note both 

duplicates must be >15 to be considered positive.   

  

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 C
ol

le
ge

 L
on

do
n 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 1

2/
07

/2
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Page 24 of 24 
 
 
 

24 

H
u

m
an

 G
en

e 
Th

er
ap

y 

T 
C

el
l R

es
p

o
n

se
s 

to
 D

ys
tr

o
p

h
in

 in
 a

 N
at

u
ra

l H
is

to
ry

 S
tu

d
y 

o
f 

D
u

ch
en

n
e 

M
u

sc
u

la
r 

D
ys

tr
o

p
h

y 
(D

O
I:

 1
0

.1
0

8
9

/h
u

m
.2

0
2

2
.1

66
) 

Th
is

 p
ap

er
 h

as
 b

ee
n

 p
ee

r-
re

vi
ew

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
e

rg
o

 c
o

p
ye

d
it

in
g 

an
d

 p
ro

o
f 

co
rr

ec
ti

o
n

. T
h

e 
fi

n
al

 p
u

b
lis

h
ed

 v
er

si
o

n
 m

ay
 d

if
fe

r 
fr

o
m

 t
h

is
 p

ro
o

f.
 

Table 1. Summary of elispot results 

Cohort Total No. positive % positive 

Control (healthy) 5 0 0 

Control (disease) 6 0 0 

DMD total 77 6 7.8 

DMD ambulant 50 2 4 

DMD non-ambulant 27 4 14.8 

DMD no/discontinued 

steroids 

8 0 0 

DMD deflazacort 16 0 0 

DMD prednisone 15  0 

DMD prednisolone 36 5 13.9 

DMD prednisone 

followed by 

deflazacort 

2 1 50 
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